A parametric study, using a two-dimensional Distinct Element Method, is carried out to investigate if there is a preferred geometry of intersecting faults that may favor the occurrence of intraplate earthquakes. Two and three vertical, intersecting faults within a block are subjected to a horizontal force across them, that represents the maximum horizontal compression (S Hmax ). The main fault is oriented at an angle α with respect to S Hmax and β is the interior angle between the main fault and the intersecting fault. The third fault is oriented parallel to the main fault and is half its length. The distribution of shear stresses is examined along the faults for different values of α and β, and varying lengths of the main and intersecting faults. In all cases, maximum shear stresses are generated at the fault intersections. The modeling results reveal that the magnitude of the shear stresses depend on the values of α and β, with an optimum range for α, lying between 30° and 60°. In the case where the sign of the shear stress on the intersecting fault is opposite that on the main fault, the largest stresses at the fault intersections are obtained when β lies between 65° and 125°. When the stresses on these two faults are of the same sign, the largest stress values at the intersections are obtained when 145° ≤ β ≤ 170°. The results of the modeling are consistent with the observed geometry of faults in the New Madrid and Middleton Place Summerville Seismic Zones.
INTRODUCTION
Intersecting faults have been postulated to play an important role in earthquake mechanics because they interact dynamically, and are sometimes responsible for controlling nucleation, dimension, propagation, and termination of earthquake ruptures (e.g. Sharp et al., 1982; Harris and Day, 1993; Rousseau and Rosakis, 2003; Spotila and Anderson, 2004) . Hence, mechanics of intersecting faults and fault junctions have been extensively studied for decades (e.g. King and Nabelek, 1985; Pollard and Segall, 1987; McCaig, 1988; Andrews, 1989; Harris and Day, 1993; Andrews, 1994; Robinson and Benites, 1995; Maerten, 2000; Kato, 2001; Fitzenz and Miller, 2001; Crider and Peacock, 2004) . However, most of these studies were directed towards understanding the role of intersecting faults in plate boundary earthquakes. A spatial association of intersecting faults with continental intraplate earthquakes was also observed (e.g. Talwani et al., 1979; Illies, 1982; King and Nabelek, 1985; King, 1986; Talwani, 1988) and, a causal association was proposed (Talwani, 1988; Talwani and Rajendran, 1991; Gangopadhyay and Talwani, 2003) . Schematic and two-dimensional, linear-elastic and isotropic models to explain the cause of intraplate earthquakes in compressional stress regimes demonstrated that intersecting faults can act as stress concentrators and are spatially correlatable with the locations of observed intraplate seismicity (Talwani, 1988; Jing and Stephansson, 1990; Gangopadhyay et. al., 2004; Gangopadhyay and Talwani, 2005) . However, geologic data show that intersecting faults are abundant in nature (McCaig, 1988) , but only some of them are the locations of intraplate seismicity. This leads to the question whether there is a preferred geometry of intersecting faults that favors the occurrence of continental intraplate earthquakes.
Earlier research involving field observations and analytical computations showed that there is a range of re-activation angles for pre-existing Andersonian thrust, normal, and strike-slip faults using the commonly used Coulomb failure criteria and Byerlee-type values of static friction (Sibson, 1985; 1990; 1991) . However, the effect of a compressional stress field on sets of two or more intersecting faults in intraplate regions has not been considered. Because intersecting faults are abundant, we address this question with a parametric study using 2-D numerical models. In this paper, our main effort is to investigate if there are configurations of faults which will optimally respond to plate tectonic stresses, concentrate stresses locally, and thus potentially play a role in the initiation of seismicity within plates. We are not attempting to explain the genesis of faulting over an earthquake cycle, or duplicating real situations. We do not address the effect of fluid pressures, and variations in frictional properties, parameters which can influence the likelihood of seismicity. This paper is mainly aimed at studying if there are preferred orientations of two or three intersecting faults with respect to S Hmax and each other, that maximize local concentration of stresses, and if so, determining their optimal geometrical configurations. Our approach is described next.
NUMERICAL MODELING METHODOLOGY

Two-dimensional Distinct Element modeling is performed using a program called
Universal Distinct Element Code (UDEC) written by Itasca Consulting Group, Inc., Minneapolis, MN (Version 3.1, 1999) . This 2-D numerical program was first developed by Cundall (1971) . The advantage of the Distinct Element Method over typical continuum based methods is its ability to change and update joint patterns continuously during the computation process (Jing and Hudson, 2002; Gangopadhyay et al., 2004) . The program simulates the response of the discontinuous media to either static or dynamic loading. It models the rock mass as an assemblage of rigid or deformable discrete blocks and the faults as discontinuities. The equations of motion for the blocks are solved by a central difference scheme and mutual interactions between blocks are included. It uses calculations in the Lagrangian scheme to model large movements and deformations of a system. Several built-in material behavior models, for both the intact blocks and the faults, permit the simulation of real geologic situations.
Displacements are allowed along the faults, which are treated as boundaries between blocks, allowing the blocks to move with respect to each other. The individual blocks can be made either rigid or deformable. The deformable blocks are divided into a mesh of triangular constant-strain finite difference zones and each zone behaves according to a prescribed stress-strain law. In the case of elastic analysis the formulation of these zones is identical to that of constant-strain finite elements. The relative motions along the discontinuities are constrained by force-displacement relations for movement in both the normal and shear directions. The suitability, efficiency, and adaptability of UDEC in solving two-dimensional, simplified geological problems involving faulted and fractured rocks has been adequately demonstrated and established (see e.g. Gangopadhyay et al., 2004 and references therein) . For example, it was used to model tectonic and geologic frameworks of active intraplate regions in New Madrid (Gangopadhyay et al., 2004) and Charleston (Gangopadhyay and Talwani, 2005) .
DEVELOPMENT OF THE 2-D MODEL
Model Geometry
Examination of 20 case histories of intraplate regions globally that have been host to 39 earthquakes of M 5.0 or greater, revealed that 65% of them comprised of two or three intersecting faults, which acted as stress concentrators and location of intraplate earthquakes (Gangopadhyay and Talwani, 2003) . Thus, in this parametric study we model tectonic frameworks consisting of two and three intersecting faults. Figure 1 shows the block geometries for these two frameworks. They are strictly two-dimensional. The maximum horizontal compressive stress, S Hmax is oriented E -W in all cases. The block is compressed by a force applied along the x-axis. This force is along the inferred direction of plate motion and its magnitude is proportional to the plate velocity discussed in detail in the next section. In this case, the main fault, AB, subtends an angle α with the direction of S Hmax and an interior angle β with the intersecting fault, BC (Figure 1 ). The blocks and faults have been made linear-elastic and associated with elastic properties that are detailed in a later section. In the first set of simulations with two intersecting faults, the length of the main fault (AB) is taken as 10 units and that of the intersecting fault (BC) is chosen to be 1, 3, and 5 units ( Figure 1a) . A similar set of simulations with two intersecting faults is carried out with length of AB = 10 units and oriented at an angle (180° -α) and length of BC = 3 units (Figure 1b) . A third set of simulations are performed varying the length of AB (1, 3, and 5 units) and keeping BC fixed (10 units) (Figure 1c ). In the case of three intersecting faults (Figure 1d ), the length of the main fault is 10 units, a shorter fault CD is introduced with a length of 5 units and oriented parallel to the main fault. The lengths of faults AB and CD and the orientation of CD are kept fixed. The intersecting fault (BC) connects the two faults AB and CD (Figure 1d) . Simulations of this model are performed with varying lengths of BC (1, 3, and 5 units). In all cases, the block corners are rounded with a circle that is tangential to the two corresponding edges at a specified rounding distance from the corner. In practice, the rounding distance is about 1% of the typical block edge length (UDEC Command Reference Manual, 1999 ) and the same is utilized in our model simulations. Since our model is two-dimensional the commonly used plane stress condition is imposed, wherein none of the blocks experience stresses in the vertical direction although they can exhibit strain in that direction.
The computer code divides the deformable blocks into triangular finite difference zones using a built-in automatic mesh generator that decides the size of the zones based on the block lengths, specified rounding length, and the memory availability to perform the computations. All the blocks in our model are deformable and movable with respect to each other. UDEC calculates the amplitude and sign of the shear stress (τ xy ) at each node. Shear stress (τ xy ) is positive when it tends to rotate the block in a counter-clockwise manner, i.e. by left-lateral strikeslip, and negative when the block rotation is clockwise. The sign of the shear stress can be used to infer how the block will rotate and contours to show its spatial variation.
Model Parameters
UDEC has seven built-in constitutive models for the blocks and four for the joints that 
where, ∆σ n , ∆u n , ∆τ S , and ∆u S are the effective normal stress, normal displacement, shear stress, and shear displacement increments respectively.
The failure criterion for the joints is given by, |τ S | ≥ C + σ n tanφ where τ S = shear stress, C = cohesive strength of the joint, σ n = normal stress, and φ = friction angle for the joint.
The block assembly is subjected to a horizontal compressive force along the x-axis. This is achieved by subjecting the right block boundary to a prescribed displacement resulting from a plate velocity of 5 mm/year. The left boundary is kept fixed. The plate velocity is determined from geodetic observations in two major active intraplate regions of eastern U.S. (see Gangopadhyay et al., 2004 for details). The calculated stresses scale linearly with velocity. The applied velocity gradient in our model is larger than those obtained from GPS measured velocities and was chosen in order to obtain a measurable response with a shorter loading time used in the computer model. The velocity gradient is also assumed to not be a function of depth and hence the whole block is subjected to the same horizontal stress.
Model Properties
Input modeling parameters are based on an earlier study involving the New Madrid Seismic Zone (NMSZ) (Gangopadhyay et al., 2004) . Those values are considered to be representative of active intraplate regions. These properties and their derivations have been described in detail in that study. In our computations, we assume a value of 1.73, 5.63 km/s, and 2690 kg/m 3 for the V P /V S ratio, P-wave velocity, and density respectively for all the blocks in the model. Utilizing these values we compute the bulk and shear moduli to be 47.28 GPa and 28.48
GPa respectively for the various blocks.
Other input parameters required for modeling the deformation include friction angle, normal and shear stiffnesses, and cohesion of the faults (treated as joints). The chosen values of these parameters are also from the NMSZ study (Gangopadhyay et al., 2004) , viz., friction angles of 27°, and joint normal and shear stiffnesses of 101 GPa/m and 76 GPa/m respectively for all faults. The faults are considered to be cohesionless.
Limitations of the model
A notable limitation of this model is the fact that it is two-dimensional. Because it is a two-dimensional code, all faults are considered to be vertical and the effects in the third dimension can not be observed. The code does not allow us to study isolated faults within a block but require that faults be extended to block boundaries. However, the computational scheme in UDEC is such that when using a linear, elastic, and isotropic constitutive model, the effect of stress concentration at the boundaries have minimal effects at the fault intersections within the block. In spite of these limitations, by keeping the fault intersections away from the block boundaries it is possible to study the effects of their geometrical configurations on stress concentration and its possible influence on earthquake generation. Due to memory limitations in our version of UDEC program, it is not possible to run the model for a geologically realistic loading time. However, the model has been run for different loading times and the calculated stress was found to be linear with loading time, and thus running the model for shorter times provides relative stress distributions -the objective of this study. In this study, the model simulations are performed for 100,000 cycles (tectonic loading of 1 day). The results of our model simulations are described in the next section. 
MODEL SIMULATION RESULTS
Outputs
Case I -Two intersecting faults
The simulations with two intersecting faults are performed using three different block geometries shown in Figures 1a -1c . The main results of all the simulations are presented in Table 1 . The first block geometry comprise of a main fault AB of length 10 units and an intersecting fault BC (Figure 1a) . The model is run with α ranging between 20° to 80° and β ranging between 20° to 160° in increments of 20° for each value of α, with an additional value at β = 175°. Three sets of simulations are carried out, varying the length of BC (1, 3, and 5 units).
The shear stresses at the intersection B along the fault planes AB and BC are observed for each set and tabulated (Table 1) . They are negative when the motion along the fault is right-lateral (α and γ are acute angles with respect to S Hmax ) and positive when the motion along the fault is leftlateral (α and γ are obtuse angles with respect to S Hmax ) ( Table 1 , Figures 1a and 1b) . The data presented in the table are (Figures 3b and 3d) . In all cases, along AB, the calculated stresses are negative, implying right-lateral shear. For the first case, the maximum value of shear stress (-1.25 N/m 2 ) is obtained for α = 50° and β = 80° ( Figure   3b ). We arbitrarily choose a "Favorable Range", where the stresses are ≥ 90% of this maximum value. For the above-mentioned case (assuming linear variation between plotted angles), the favorable ranges are estimated from the curves for both α and β, and are found to be 46° to 53°, and 76° to 91° respectively. These are shown in Table 1 . The shear stress at B along BC is found to be both positive and negative, depending on the orientation of BC with respect to S Hmax (the angle γ, Figure 1a) . A negative value (indicating right-lateral strike-slip along BC) occurs when γ < 90°, when β >> 90° and BC essentially trends in the same direction as AB (Figure 1a Figure 3d ). The favorable range is found to be 30° to 45° for α and 75° to 105° for β, whereas the favorable ranges for right-lateral motion are 37° to 41° and 153° to 170° for α and β respectively ( Table 1) . The results for the same geometry ( Figure 1a ) but for different lengths of BC (1 and 5 units) are presented in Table 1 .
In simulations described above, the main fault AB is at an acute angle with S Hmax (α ranged from 20° -80°). The next simulation is performed for α > 90° (Figure 1b) , with AB 10 units and BC 3 units long. The model is run with α ranging between 100° to 160° (or (180° -α) from 80° to 20°) and β ranging between 20° to 175° for each value of α. The shear stresses at the intersection B along the fault planes AB and BC are observed for each set, and the results are presented in Table 1 . We note that the shear stresses at B along AB are positive for this geometry, indicating left-lateral motion along fault AB (Table 1 ). The largest shear stress at B along AB (1.32 N/m 2 ) occur for α = 130° (supplementary to 50°) at β = 80° (Table 1 ). The estimated favorable ranges for α and β are 127° -134° and 75° -90° respectively. Along BC the shear stresses at B are both positive and negative (according as γ was ≥ 90° or < 90°) similar to the geometry in Figure 1a . As before, the positive values (corresponding to left-lateral shear) occur when β >> 90° and negative values for γ < 90° (Table 1) . Along BC in the right-lateral range, the largest shear stress (-1.18 N/m 2 ) occur for α = 145° (supplementary to 35°) at β = 80°, and the corresponding favorable ranges are 140° to 150° for α and 70° to 85° for β (Table 1) .
When the motion along BC is left-lateral, the maximum positive shear stress (1.64 N/m 2 ) occurs for α = 140° at β = 160° and the corresponding favorable ranges for α and β are 137° -143° and 152° -170° respectively ( Table 1 ). Note that in this simulation for comparison with the geometry in Figure 1a , we measure the angle α with respect to S Hmax oriented in the negative x-direction.
The optimum value of α is found to lie between 127° and 134°. When comparing with other models (Figures 1a, c, and d) we compare the supplementary angle, i.e., the acute angle 53° to 46° between the fault and the S Hmax oriented in the positive x-direction.
The block geometry shown in Figure 1c is used in the third model run with two intersecting faults. In these runs the length of fault AB is varied (1, 3, and 5 units) whereas the length of fault BC (10 units) is kept unchanged. The results of all the runs are summarized in Table 1 . The maximum value of shear stress at B along AB (-1.32 N/m 2 ) is obtained for α = 45°
and β = 80° (Table 1 ). The favorable ranges are found to be 45° to 50°, and 70° to 84° for α and β, respectively (Table 1) . Similarly, two peaks are found for the shear stresses at B along BC. In the left-lateral range, it is found to be 1.24 N/m 2 and it occurs at α = 30° and β = 80° (Table 1) and the corresponding favorable range is found to be 30° to 35° for α and 72° to 84° for β (Table   1 ). In the right-lateral range, the maximum shear stress value is -1.8 N/m 2 which occurs for α = 40° and β = 160° and the corresponding favorable ranges are 33° to 42° and 151° to 162° for α and β respectively (Table 1) .
Case II -Three intersecting faults
For the case of three intersecting faults (Figure 1d ), CD (5 units long) is oriented parallel to fault AB. In three model runs, the lengths of AB (10 units), and CD (5 units) are kept fixed, while that of BC is varied (1, 3, and 5 units). The angles α and β are varied in the same way as for the case with two intersecting faults and the shear stresses at the intersections B and C along fault planes AB, BC, and CD are observed. The results of the simulations are presented in Table   2 and those for the case where AB, BC, and CD are 10, 3, and 5 units long respectively are shown in Figure 4a -4f, and are discussed below. The shear stresses are negative when the motion along the fault is right-lateral (α and γ are acute angles) and positive when the motion along the fault is left-lateral (α and γ are obtuse angles) ( Table 2 ). The largest shear stress at B along AB (-1.42 N/m 2 ) occur for α = 50° at β = 80° (Figure 4b) . As in the case of two intersecting faults, two peaks of shear stresses are observed at B along BC, one when γ < 90°
(right-lateral motion along BC) and the other when γ ≥ 90° (left-lateral motion along BC). Along BC in the left-lateral range, the maximum shear stress (1.32 N/m 2 ) occur for α = 35° at β = 80° (Figure 4c) , whereas in the right-lateral range, it is -1.8 N/m 2 for α = 40° at β = 160° (Table 2 ).
At C along CD, the largest shear stress (-1.39 N/m 2 ) occur for α = 50° at β = 80° (Figure 4f) ( Table 2 ). The estimated favorable ranges for α and β are 48° -53° and 69° -89° when observed along fault AB, 30° -38° and 68° -85° when observed along fault BC in the left-lateral range, 34° -42° and 150° -163° when observed along fault BC in the right-lateral range, and 48° -56°
and 76° -103° when observed along fault CD respectively (Table 2) .
Summarizing, all 12 favorable ranges of shear stresses (at B along AB and BC, and at C along CD) occur only when α lies between 30° and 60° (Table 2) . Along AB and CD the favorable ranges of shear stresses are observed when α lies between 45° -60°, whereas along BC the corresponding range for α is 30° -45°. The favorable ranges of shear stresses along AB, BC (for left lateral movement) and CD are observed when β lies between 65° and 105° and for rightlateral movement along BC, when β lies between 145° -166°.
In summary, from the results of model calculations for two and three intersecting faults (Tables 1 and 2 ) we note the following:
(a) The maximum shear stresses are generated at the fault intersections, B and C along the faults. The sign of the shear stress is the same as that at B along AB for large values of β (γ << 90°), i.e., when BC is oriented essentially in the same direction as AB. When γ is > 90° the sign of shear stress at B along BC is opposite that at B along AB.
(e) In all cases, the favorable range for orientation of fault AB with respect to S Hmax (α) is found to be ~30° -60°. The largest shear stresses at B along AB are observed when 45° ≤ α ≤ 60° and along BC when 30° ≤ α ≤ 45°.
(f) Along AB, CD, and BC (when the sign of the shear stress is opposite that along AB), the favorable range of shear stresses are obtained for β = 65° -125°. In the case where the shear stresses along BC and AB are of the same sign, i.e., AB and BC are essentially along the same direction, the favorable range of shear stresses are obtained for β = 145° -170°.
(g) The large favorable range of β (65° -125°) for the case AB = 10 and BC = 1 units long is probably an artifact of the modeling, as B is close to the horizontal block boundary.
We test these results of simple 2-D models with observations from two active intraplate locations in eastern U.S.
DISCUSSION
The results of two-dimensional modeling presented above indicate that the magnitude of stress accumulation at fault intersections, subjected to plate tectonic forces, depends on their orientation with respect to S Hmax and each other. They also suggest that there is an optimal fault geometry for their reactivation. The areal distribution of stress is instructive and can be compared with observed locations of seismicity associated with intersecting faults. However, the comparison is only limited to stress concentration in two-dimensions which may enhance the seismic potential of a region.
We compare our modeling results with observations from New Madrid Seismic Zone (NMSZ) and Middleton Place Summerville Seismic Zone (MPSSZ) near Charleston, South
Carolina. Both these regions have been extensively studied and reliable information about their fault geometry is available. Johnston and Schweig, 1996) . A third fault, the New Madrid North fault (NMNF) lies outside the edge of floor of the Reelfoot rift but within its edge (Rhea and Wheeler, 1995) . This ~30 km long NNE trending fault is considered to be the extension of the aseismic Bootheel lineament (BL) (Johnston and Schweig, 1996) . The observed seismicity inside the Reelfoot rift is located along the Blytheville Fault Zone, Reelfoot, and the New Madrid North faults (Figure 5a ) with a clustering of seismicity at and/or near the fault intersections ( Figure 5a ). The direction of maximum horizontal stress, S Hmax in the region is oriented N80°E (Figure 5 ; Zoback, 1992) . The seismically active Blytheville Fault Zone (BFZ), and New Madrid North fault (NMNF) are oriented at 39° and 53° (α) with respect to S Hmax respectively (Figure 5b) . Pujol et al. (1997) and Mueller and Pujol (2001) whereas the WF(S) which meets at the intersection of SBF -ARF system trends ~N30°E (Marple and Talwani, 2000; Dura-Gomez, 2004) . The ~6 km long SBF is oriented N30°W
whereas the ~6 km long ARF trends N60°W (Figure 6 ; Dura-Gomez, 2004 ). Only about a 30 km segment of the WF(N) near the intersection is active seismically (dashed circle in Figure 6 ). The instrumentally located seismicity (1974 -2004) in this region lies mostly along the SBF and is concentrated near its intersection with WF(N) and WF(S) (Figure 6 ). S Hmax in the region is oriented N60°E (Figure 6 ; Talwani, 1982; Zoback, 1992) . The orientations of the Woodstock fault (North) and (South) with respect to S Hmax (α 1 and α 2 ) in MPSSZ are found to be 30° -38°
and 30° respectively (Figure 6 ). SBF subtends an internal angle of 120° (β) with both the WF(N) and WF(S) (Figure 6 ). Thus the range of angles between the seismogenic faults and S Hmax , α, in MPSSZ is 30° -38°, and the interior angle between the intersecting faults, β, is ~120°. These values are consistent with the results of the 2-D modeling (α between 30° -60°, and β between 65° -125°). Similar to NMSZ and matching our model results, in MPSSZ, WF(N) and WF(S) exhibit right-lateral motion whereas SBF (oriented at an obtuse angle with S Hmax ) exhibits some left-lateral motion, although the predominant movement on it is reverse. Due to its twodimensional nature, this model is incapable of replicating any uplift motion.
CONCLUSIONS
In summary, the results of this parametric study suggest that when subjected to plate tectonic forces, only optimally oriented intersecting faults are reactivated due to a larger shear stress build-up, and thus may cause intraplate seismicity. The maximum shear stresses are generated at the fault intersection and increasing the length of the intersecting faults resulted in an increase in the maximum shear stress. The largest shear stress at an intersection is found to be along the shorter of the two intersecting faults. The favorable range for orientation of the main fault with respect to S Hmax (α) is found to be ~30° -60° (Figure 7 ). The largest shear stresses at the intersection along the main fault are observed when 30° ≤ α ≤ 45° and along the intersecting fault when 45° ≤ α ≤ 60°. The range of β that yields maximum shear stresses at the intersection is ~65° -125° (Figure 7 ) when the motion along the intersecting fault is opposite that along the main fault. When the two faults have the same sense of motion, β is found to lie between 145°
and 170° for favorable range of shear stresses. For the case of three intersecting faults, the optimum orientation of CD is the same as that for AB (Figure 7b ).
In spite of the limitations and the two-dimensional nature of the models, by studying the fault geometries of intersecting faults and their orientation with respect to S Hmax and each other it is possible to identify more likely seismogenic faults in the presence of the ambient stress field.
Future studies will include a comparison of model results with orientations of seismogenic faults in other intraplate regions. Hildenbrand et al. (2001) . The edge of the western margin of the Reelfoot rift (dotted line) has been adopted from Rhea and Wheeler (1995) . BFZ -Blytheville Fault Zone, RF -Reelfoot fault, NMNF -New Madrid North fault, BL -Bootheel Lineament. Open circles represent instrumentally located seismicity of M >= 3.0 from 1974 -2002 from CERI, Memphis catalog. (b) Schematic representation of the seismogenic faults in NMSZ (not to scale). BFZ and NMNF are oriented at angles α 1 and α 2 counterclockwise with respect to S Hmax (bold arrows). Based on the analyses of seismicity by Pujol et al. (1997) , the Reelfoot fault has been divided into three segments that make angles β 1 , β 2 , and β 3 with BFZ. 
